Early Proterozoic tholeiitic lavas and sills were emplaced during the initial phase of extension of the intra-cratonic Cuddapah Basin, southern India. Ar laser-fusion determinations on phlogopite mica, from the Tadpatri Fm maficEEEultramafic sill complex, constrain the age of the initial phase of extension and volcanism in the basin at 1Á9 Ga. Despite their Early Proterozoic age, the igneous rocks are unmetamorphosed, undeformed and remarkably fresh. They exhibit a wide range in MgO contents (4EEE28 wt %) and have undergone varying degrees of accumulation or crystal fractionation. Variable La/Nb ratios (1Á2EEE3Á7) and e Nd values (1 to À10) suggest that some, but not all, of the mafic rocks have been affected by crustal contamination. This appears to have taken place in magma chambers at $9 kbar, i.e. the base of the continental crust. Forward modelling of major and trace elements (Fe and Nd) and inverse modelling of rare earth elements suggest that the primary Cuddapah melts were generated by $10EEE15% partial melting of a lherzolite mantle source. This corresponds to a mantle potential temperature of $1500 C. The thickness of the mechanical boundary layer predicted by the geochemical modelling is 70 km with a minimum initial lithospheric thickness of 120 km. This corresponds to a stretching factor of 1Á6EEE1Á8. Richter's (1988) secular cooling model for the Earth predicts that, at 1Á9 Ga, the ambient mantle had a potential temperature of $1500 C (i.e. $200 C hotter than Phanerozoic mantle). If the cooling model is correct then Proterozoic lithospheric stretching and mantle melting beneath the intra-cratonic Cuddapah Basin could have been caused by passive rather than active rifting.
INTRODUCTION
Our understanding of the Earth's chemical differentiation, since its formation at 4Á5 Ga, has been enhanced by studies of igneous rocks. The discovery of high-MgO volcanic rocks (komatiites), in Archaean greenstone belts, has resulted in a relatively large number of petrological investigations of igneous rocks that formed during the first 2Á5 Gyr of the Earth's history. Proterozoic processes are less clearly understood, despite the fact that a relatively large amount of mafic volcanic activity appears to have occurred at this time.
Intra-cratonic basins occur on every major continent and vary in age from Early Archaean to Cenozoic but the mechanism of their formation is not yet fully understood. Nevertheless, their significance in terms of excellent preservation of the Earth's earliest volcanosedimentary records has long been recognized (McKenzie et al., 1980; Bickle & Eriksson, 1982) . Some of the Phanerozoic intra-cratonic basins may also be important repositories of hydrocarbon source rocks and hence these basins have been much more intensively studied than their Precambrian counterparts. Prominent intra-cratonic basins on the southern Indian Craton include the PranhitaEEEGodavari, Chattisgarh and Cuddapah basins. All of these are believed to have developed in a rift setting but none of these resulted in continental break-up, although links to an open seaway are evident from the frequent occurrence of deposits representing tidal and storm influence (Chaudhuri et al., 2002) . In the present work, the intracratonic Cuddapah Basin has been chosen to study Proterozoic melt generation processes. The basin is believed to have formed $2Á0 Gyr ago and contains a thick (6EEE12 km), well-preserved, relatively undeformed, volcano-sedimentary succession. Only a few systematic studies have previously been undertaken on the Proterozoic mafic igneous rocks (e.g. Chalapathi Rao, 1997; Chatterjee & Bhattacharji, 1998) , which are relatively fresh and suitable for detailed petrological investigations.
GEOLOGY OF THE CUDDAPAH BASIN
The Cuddapah Basin (Fig. 1) is situated in the eastern part of the Dharwar Craton and is one of the largest JOURNAL OF PETROLOGY VOLUME 44 NUMBER 12 DECEMBER 2003 Proterozoic, intra-cratonic, sedimentary basins in India. It is crescent shaped and covers an area of around 44 500 km 2 with a maximum length and breadth of 440 km and 145 km, respectively. The basin is infilled by a 410 km thick succession of igneous and sedimentary rocks of the Cuddapah and Kurnool Groups (Fig. 2) . The western part of the basin has been relatively unaffected by tectonic activity; sedimentary rocks dip gently (10EEE15 ) to the east. In contrast, the eastern part was severely folded and highly metamorphosed during the Middle to Late Proterozoic ( $1Á3EEE1Á6 Ga) Eastern Ghat Orogeny (Goodwin, 1996) . Extrusive and intrusive mafic volcanic rocks are exposed at lower stratigraphic horizons in the Cuddapah Basin and are mostly subaerial basaltic lavas and sills, occurring in an arcuate pattern, parallel to the margin of the basin (Fig. 1 ). The present research has therefore mainly focused on the sedimentary and volcanic rocks of the Papaghni sub-basin, situated in the western part of the Cuddapah Basin (Fig. 1 ). Only those formations in which mafic rocks occur are described in detail below.
Vempalle Formation
The Vempalle Formation is $1900 m thick (Roy, 1947) and predominantly consists of dolomite with a thin ( $100 m) sandstoneEEEquartzite unit at the base (Fig. 2) . It is the only stratigraphic unit that contains a sequence of lava flows. Amygdales occur at the upper surfaces of flows and are usually filled with epidote, calcite and zeolite. The thickest lava flows are recorded in the southern part of the basin at Pulivendla, Vempalle and Animala (up to 50 m). These flows have vesicular tops and appear to be mainly subaerial. At Pulivendla, a basic lava flow conformably overlies the Vempalle Fm dolomites and marks the highest stratigraphic unit of the Papaghni Group.
Lava flows occur in the northern part of the basin at Malkapuram, $15 km east of Dhone (Fig. 1) . Here, hydrothermally altered basaltic lavas form an $50 m high ridge overlying stromatolitic dolomites and appear to have pillow shapes with chert infillings. The northernmost exposures of lavas in the Cuddapah Basin are at Bethamcherla and Gattimanikonda ( Fig. 1 ). These are similar in appearance and composition to the Animala lava flows and reach a total outcrop thickness of $50EEE100 m.
Tadpatri Formation
The Tadpatri Formation consists of 4600 m of argillaceous sediments with thin intercalated beds of quartzite and volcanogenic sediments (Fig. 2) . The formation is intruded by numerous maficEEEultramafic sills that are exposed at different stratigraphic levels. The thickest ( $200 m) sill, which is highly differentiated, extends along the western margin of the Cuddapah Basin for 4150 km ( Fig. 1 ) and intrudes stromatolitic dolomites and shales of the lower Tadpatri Formation. Relatively thin ( $20 m), single gabbroic and basalticEEEdoleritic sills occur higher up in the sequence.
Cumbum Formation
Two small (25EEE30 m in diameter) syenite plugs intrude the Cumbum Formation at Racherla and Giddalur, in the central part of the Cuddapah Basin (Fig. 1) . These are resistant to erosion relative to the surrounding Cumbum shales. The syenites are porphyritic with pink phenocrysts (5EEE10 mm) of K-feldspar set in a fine-grained groundmass. They have clearly undergone extensive hydrothermal alteration. Lamproite dykes intrude the Cumbum Formation at Chelima and Zangamarajupalle (Fig. 1) . These are probably contemporaneous with kimberlites that outcrop in the Dharwar Craton (Chalapathi and Cuddapah Basin syenite intrusions.
AGE AND EMPLACEMENT OF CUDDAPAH IGNEOUS ROCKS
Because of the unfossiliferous nature of the sedimentary rocks from the Cuddapah Basin, its age has mainly been constrained by radiometric dating of igneous rocks. The earliest attempt to determine radiometric ages on Cuddapah rocks was made by Aswathanarayana (1962a Aswathanarayana ( , 1962b and was followed by a number of workers (e.g. Crawford & Compston, 1973; Murthy et al., 1987; Bhaskar Rao et al., 1995; Chalapathi Rao et al., 1996 , 1999 . All of these studies have faced problems associated with the low potassium content and alteration of the volcanic samples. Recently, Zachariah et al. (1999) 204 Pb age of 1756 AE 29 Ma has been obtained for a U-mineralized sample from the Tadpatri Formation, and has been interpreted as a minimum age for carbonate sedimentation and dolomitization within the Cuddapah Supergroup.
During the present study, 40 ArEEE 39 Ar laser-fusion ages were determined for the Tadpatri mafic sills. Electron microprobe analyses were carried out to determine the potassium content of phlogopite crystals. Only samples containing relatively fresh phlogopite crystals were selected for dating. Two sill samples, collected from more than 100 km apart (at Pulivendla and Tadpatri), have given an identical age of 1899 AE 20 Ma (Table 1) , which is considered to be their emplacement age. This result is similar to a previously reported RbEEESr age (1817 AE 24 Ma) for the Pulivendla sill (Bhaskar Rao et al., 1995) . Because the sills intrude . This dyke intrudes the Cumbum shales of the Nallamalai Group and, as this is the youngest unit of the Cuddapah Supergroup, the emplacement age of the lamproite is considered to be the minimum estimate for the end of the Cuddapah sedimentation.
Many dyke swarms occur at the southern, western and northern margins of the Cuddapah Basin. The majority of them are dolerite but some are amphibolites. These dykes predominantly strike ENE, WNW and northEEEsouth. Only one dyke, however, intrudes the Cuddapah sedimentary rocks, near Veldurti (Vijayam, 1968) , and hence they are assumed to have been emplaced prior to the formation of the Cuddapah Basin. 40 ArEEE 39 Ar and KEEEAr ages on mafic dykes from outside the Cuddapah Basin show a large variation from 1879 to 650 Ma ; this wide range in ages could be due to variable argon loss. The oldest 40 ArEEE 39 Ar age obtained is 1879 AE 5 Ma for an eastEEEwest oriented tholeiitic dyke, adjacent to the southwestern margin of the Cuddapah Basin. This is much younger than the oldest RbEEESr age of 2420 AE 264 Ma, reported by Ikramuddin & Stueber (1976) for an eastEEEwest oriented dyke at Harohalli, near Bangalore.
PETROGRAPHY AND MINERAL CHEMISTRY Lavas and sills of the Vempalle Formation
Fresh samples of the mafic lavas were difficult to obtain becaue of their susceptibility to weathering and alteration. Feldspars and clinopyroxenes are well preserved in few cases and secondary minerals such as chlorite and white mica are ubiquitous in most samples. Lavas from Bethamcherla contain $35 modal % of K-rich alkali feldspar phenocrysts and 55 modal % of clinopyroxene along with accessory opaque oxides. All of the other lavas are fine-grained and clinopyroxene is confined to the groundmass. The lack of olivine and presence of iron oxides indicate the fractionated nature of their parental melts. The majority of the pyroxene analyses from the Vempalle Fm lavas form a tight cluster in the augite field of the pyroxene quadrilateral (Fig. 3) . Two samples, 98MA07 and 98MA47 (Bethamcherla), are calcium-poor and plot in the subcalcic augite region. The Vempalle Fm lavas exhibit limited variation in feldspar composition; they are dominated by albite-rich (An 2EEE15 ) feldspars together with subordinate amounts of An-rich (An 40EEE60 ) plagioclase (Table 2) . Orthoclase-rich feldspars are present in a few samples.
Sills of the Tadpatri Formation
In contrast to the lavas, the coarse-grained maficEEEultramafic sills are relatively fresh; the best exposure is seen near Pulivendla. The base of the sill is marked by a coarse-grained, ultramafic rock; crystals of olivine, pyroxene and, sometimes, phlogopite are easily identifiable in hand specimen. This unit grades upwards into a medium-grained, leucocratic gabbro. Samples from the base of the maficEEEultramafic differentiated sill mainly consist of euhedral to subhedral olivines enclosed by plagioclase feldspar or pyroxene. Table 2 ). In a few cases, clinopyroxene crystals show twinning and hour-glass zoning. Phlogopite forms an accessory phase in the most olivine-rich portions of the sill and appears to have crystallized from inter-cumulus liquid trapped between early-formed olivines.
In the differentiated part of the sill, the olivine is completely serpentinized but the clinopyroxenes are relatively fresh and form large (2EEE3 mm) sub-ophitic crystals. The pyroxenes have Mg number [Mg/(Mg Fe) (in mol %)] ranging from 52 to 82. Towards the top of the sill, altered clinopyroxene and plagioclase grains dominate over olivine and orthopyroxene; modal proportions are 40:40:20, respectively. The Tadpatri sills almost exclusively contain plagioclase feldspars. The An content varies from 40 to 80 mol % and the majority of analyses fall in a restricted range between An 50 and An 75 , and are labradorites (Table 2) . Deer et al. (1992) showed that in slow-cooling basic intrusions, such as the Bushveld layered complex, plagioclase feldspar with an An content between 50 and 70% generally crystallizes from inter-cumulus liquid, consistent with the present observations. Granophyres occur in the highly differentiated portions of the sill; they appear to have formed from late-stage fractionated melt. Opaque minerals (ilmenite and magnetite) are fairly common along with plagioclase feldspars and some free quartz.
Many of the small dolerite sills in the upper Tadpatri Formation are characterized by a sub-ophitic texture. The pyroxenes are relatively iron-rich (Table 2) and 
WHOLE-ROCK GEOCHEMISTRY
Major-and trace-element contents of $100 samples of igneous rocks from the Cuddapah Basin have been determined to investigate the nature of their parental melts. Representative whole-rock X-ray fluorescence (XRF) and inductively coupled plasma mass spectrometry (ICP-MS) analyses are presented in Table 3 .
Hydrothermal alteration and low-grade metamorphism 
Major-element chemistry
On a total alkali vs silica diagram (Fig. 4) , the majority of the Cuddapah lava and sill samples plot in the field of subalkaline (tholeiitic) basalts. Exceptions are: (1) the lavas and sills from Bethamcherla and Pulivendla, which plot in the`trachybasalt' and`basaltic trachyandesite' fields; (2) the most differentiated Tadpatri samples, which fall in the`basaltic andesite' field. In general, the Vempalle Fm lavas and sills show a very restricted range in their SiO 2 (49EEE52 wt %) and MgO contents (3Á6EEE7Á8 wt %). The effects of hydrothermal alteration on the concentrations of highly incompatible elements, such as Na and K, result in wide variation in their bulk-rock contents, as seen in Fig. 5 . In some cases, Ca also appears to have been mobilized. Nevertheless, SiO 2 , FeO and Al 2 O 3 seem to follow a rough fractionation trend when plotted against MgO. The increase in SiO 2 and FeO, and slight decrease in Al 2 O 3 , with decreasing MgO indicate the involvement of clinopyroxene and feldspar in the fractionating assemblage. In the Vempalle Fm lavas and sills, clinopyroxene and minor plagioclase feldspar fractionation seem to have controlled the evolution of the parental magma (Fig. 5) . This is inferred from the lack of correlation between CaO and Al 2 O 3 (not shown) and only a moderate decrease in Al 2 O 3 content with decreasing MgO.
The majority of the Vempalle Fm lavas and sills are hypersthene (Hy) normative with some of the more evolved samples being quartz (Qtz) normative. Four out of five lava samples from Bethamcherla, one from Vempalle and two sill samples from Pulivendla are nepheline (Ne) normative. This is consistent with their elevated total alkali (Na 2 O K 2 O 4 5 wt %) and relatively high Na 2 O contents (43 wt %). Figure 6 compares the normative compositions of the Vempalle Fm lavas and sills with the results of experimental studies (Thompson et al., 1983) . The majority of Vempalle Fm samples plot in an intermediate position between the 1 atm and 9 kbar cotectics. Some of the lavas and sills plot around the experimentally determined dry cotectic for Martindale basalt at 3Á5 kbar (Helz, 1980) , which suggests that they were derived from parental melts that had undergone significant fractionation at a depth of 10EEE15 km (3EEE5 kbar) prior to emplacement.
In contrast to the Vempalle Fm lavas and sills, the sills from the Tadpatri Formation show a large variation in silica ( $44EEE52 wt %) and MgO contents (4EEE28 wt %) and follow an apparent fractionation trend in Fig. 5 . The maficEEEultramafic sills from the Tadpatri Formation have been subdivided into: (1)`major' sills that occur near the base of the Tadpatri Fm as a large differentiated sill complex, extending over 150 km along the western margin of the Papaghni sub-basin ( Fig. 1 )Ðsamples from these have been further subdivided into`cumulate' (!10 wt % MgO) and differentiated' sills (510 wt % MgO); (2)`minor' sillsÐthese are further subdivided into`doleritic' and basaltic' sills, occurring at various stratigraphic levels in the Tadpatri Formation. The`minor' basaltic sills are spatially related to the northernmost outcrop of the differentiated sill complex near Banganpalle.
The effect of hydrothermal alteration is minimal in these rocks, as evident by their low LOI (1EEE3 wt %) and the strong correlation between major-element oxides (e.g. Na 2 O and CaO) and MgO content (Fig. 5) . The`cumulate' samples show an increase in all the major-element oxide concentrations, except for FeO Ã , with decreasing MgO consistent with olivine fractionation (Fig. 5) . Samples from the`differentiated' gabbroic parts of the sill, on the other hand, show a sharp decrease in FeO Ã and an abrupt increase in Al 2 O 3 and CaO concentrations with decreasing MgO content, possibly as a result of orthopyroxene fractionation.
The majority of the Tadpatri sills are Hy-normative but some of the SiO 2 -rich (50EEE52 wt %) samples are Qtz-normative. One sill sample is Ne-normative, probably because of its relatively high Na 2 O content (2Á7 wt %). Some of the Tadpatri sill samples plot along the 9 kbar cotectic in Fig. 6 ; exceptions are the MgO-rich samples that form a trend towards the olivine apex of the DiEEEOlEEEHy triangle. This suggests that the Tadpatri mafic sills were derived from a parental melt that underwent fractionation at the base of the crust (9Á0 kbar) and subsequently experienced olivine accumulation prior to or during the emplacement of the sill complex. This postulated magmatic underplating is consistent with geophysical studies that have indicated the presence of a highdensity lopolithic magmatic body below the Papaghni sub-basin (Mishra & Tiwari, 1995) .
The`minor' dolerite and basaltic sills exhibit a narrow range in MgO contents (4EEE8 wt %). The bulkrock compositions of these samples seem to have been controlled by clinopyroxene and feldspar fractionation (Fig. 5) . This is in agreement with petrographic observations.
Trace-element variation
Both compatible and incompatible trace elements show a relatively restricted range in their abundances in the Vempalle Fm lavas and sills (Fig. 7) . Concentration of Cr varies from 22 to 265 ppm and Ni from 25 to 120 ppm. The relatively low Cr and Ni contents are consistent with the absence of olivine and spinel in the Vempalle Fm lavas and sills. Because many of the samples have suffered hydrothermal alteration, concentrations of highly mobile large ion lithophile elements (LILE; e.g. Rb) are variable (Fig. 7) . Moderately incompatible elements (e.g. La, Y and Zr) show an overall increase in their concentration with decreasing MgO content (Fig. 7) . The Vempalle Fm samples exhibit at least two distinctive trace-element patterns on normalized multi-element plots. The Bethamcherla lavas and a sill sample from Pulivendla show a slight enrichment in moderately incompatible elements (Nd to Lu) compared with other Vempalle Fm samples (Fig. 8a) . They also show the strongest depletions in Pb and Sr and have relatively small Nb and Ta anomalies in Fig. 8a . As plagioclase feldspar has a relatively high partition coefficient for Sr and Pb (Rollinson, 1993) , the relative depletion of these elements probably indicates the fractionation of this phase from the parental melt. This is also consistent with the dominance of alkali feldspar (albite) over plagioclase feldspar in these samples. The remainder of the Vempalle Fm samples are characterized by (1) slightly lower concentrations of moderately incompatible elements (Nd to Lu) and (2) less marked Sr and Pb depletions compared with the Bethamcherla lava (Fig. 8a) , reflecting the presence of both plagioclase and alkali feldspar (albite) in these samples. They show relatively large Nb and Ta anomalies with La/Nb 2EEE3.
The Tadpatri sills show a wide range in their traceelement abundances compared with the Vempalle Fm lavas and sills. In the`cumulate' samples, Cr contents vary from $1300 to 3000 ppm whereas Ni contents range from 500 to 1000 ppm (Fig. 7) . It is clear from Fig. 7 that olivine and spinel control the variation of Cr whereas Ni contents are solely controlled by olivine. Similarly, the`differentiated' sill samples show evidence of olivine and spinel control but there was probably another phase involved in the fractionating sequence. This additional phase could have been orthopyroxene, which is usually present in cumulate portions of the sill. The fractionation trends for Cr and Ni in the`minor' sills are probably due to olivine crystallization alone (Fig. 7) . Incompatible trace elements (such as Rb and Sr) show an overall increase in their concentration with decreasing MgO in all of the Tadpatri sills; the trend is much clearer in the`cumulate' sills compared with thè differentiated' and`minor' sills (Fig. 7) . Because of the cumulate origin of the most MgO-rich Tadpatri sills, the concentrations of incompatible elements are extremely low (e.g. La 3Á3 ppm, Nd 3 ppm). Because many of the low-MgO sills are hydrothermally altered, concentrations of some of the highly mobile elements (such as Rb, Sr and Th) may have been affected. La, Y and Zr are less mobile and follow a well-defined fractionation trend in all of the Tadpatri sill samples (Fig. 7) .
The Tadpatri sills exhibit similar normalized multielement patterns to the Vempalle Fm lavas, but the former show smaller variations in abundances of LILE (Fig. 8b) . Concentrations of relatively immobile trace elements vary from six to 20 times chondrite. Thè cumulate' rocks have relatively low abundances of moderately incompatible trace elements (Nd to Lu), which are consistent with their high modal olivine contents. Samples from the`differentiated' and minor' sills have slightly elevated concentrations of these trace elements. It is expected that with decreasing MgO content the`cumulate' samples will show a general enrichment in the abundances of incompatible trace elements. This is not readily apparent from (Fig. 7) . In contrast to the high field strength elements, the LILE are relatively enriched in the`cumulate' rocks. Only these rocks and some`minor' sills show Sr depletions, similar to the Vempalle Fm lavas. The Sr depletions are consistent with the presence of relatively small modal amounts of plagioclase feldspar in the`cumulate' samples and the dominance of Na-rich feldspars in the`minor' sills.
Rare earth element variation Vempalle Fm lavas and sills
The chondrite-normalized REE abundances of representative samples of the Vempalle Fm lavas and sills are shown in Fig. 9 . The sills show similar traceelement patterns to some of the lavas. In general, the Vempalle Fm samples are slightly enriched in light REE (LREE) relative to the middle REE (MREE) and heavy REE (HREE) (Fig. 9a) ; (La/Sm) n ratios vary from 1Á4 to 2Á5 and (La/Yb) n from 2Á4 to 4Á3. The relatively flat REE patterns of the Vempalle Fm lavas and sills are consistent with their tholeiitic nature. Absolute abundances of the REE vary between nine and 60 times chondrite, with the majority of the samples only enriched up to 40 times chondrite. One of the lavas from Bethamcherla (98MA07) and a sill from Pulivendla (98MA103) exhibit slight Eu depletions (Fig. 9a) . This is consistent with plagioclase feldspar fractionation, previously identified by relative depletions in Sr. Also, the Bethamcherla lava is depleted in LREE relative to other Vempalle Fm lavas, which may be due to clinopyroxene fractionation. Sample 99MA37 from Animala shows a positive Eu anomaly, which is in agreement with the relatively high modal proportion of plagioclase feldspar in this sample.
Tadpatri sills
The abundances of HREE in the Tadpatri sills vary from five to 25 times chondrite whereas LREE abundances vary from 20 to 80 times chondrite (Fig. 9b) . Similar to the Vempalle Fm lavas, the Tadpatri sills show relative enrichments in their LREE concentrations compared with MREE and HREE; (La/Sm) n ratios vary from 1Á2 to 3Á2 and (La/Yb) n from 2Á3 to 5Á3. Samples from the`cumulate' portions of the sills are highly depleted in MREE and HREE (Fig. 9b) but they show enrichment in LREE and have relatively high (La/Sm) n ratios (1EEE3). With decreasing wholerock MgO content, i.e. decrease in modal olivine content, the concentration of REE increases. Some of the samples from the granophyric portions of the sill complex show moderate enrichment in the LREE (Fig. 9b) .
The`minor' sills show limited enrichments in their LREE contents; they have relatively low (La/Sm) n and (La/Yb) n ratios in the range of 1Á2EEE2 and 2Á3EEE3Á5, respectively. This indicates that these sills may have had a different petrogenesis compared with the sills from the Tadpatri maficEEEultramafic sill complex.
Variations in Sr-and Nd-isotopic ratios
Sr and Nd isotope determinations were carried out on a representative suite of mafic sills and lavas from the Thompson et al. (1983) . Only samples with 45 wt % MgO and LOI value of 53 wt % are plotted on this diagram.
Cuddapah Basin (Table 4 ). The selected samples are petrographically fresh and have LOI 52Á5 wt %. Initial ratios were calculated to 1900 Ma. The samples exhibit a moderate range in 87 Sr/ 86 Sr i ratios (0Á70562EEE 0Á7081) and e Sr values range from 5Á5 to 8Á5. We are cautious about the significance of these Sr-isotopic ratios, given the susceptibility of Rb to mobilization in rocks of this age. Nevertheless, we note that the samples exhibit a positive co-variation with Nd isotopes in Fig. 10 . This suggests that either the 87 Sr/ 86 Sr i ratios have been affected by the same degree of post-magma genesis alteration or that the effects of this process are limited. The Cuddapah samples exhibit a wide range of 143 Nd/ 144 Nd i ratios (0Á51023EEE 0Á50967) that are similar to or lower than that of bulkEarth at 1900 Ma (0Á51018); these correspond to e Nd values of one to À10. The low negative e Nd values suggest that the parental magmas of most of the sills and lavas contain melt contributions from Archaean lithosphere. The Cuddapah samples do not appear to exhibit a systematic variation between radiogenic isotopic ratios and MgO content. Furthermore, there is no obvious difference between the Sr and Nd isotopic signatures of the sills and lavas. The sample with the highest e Nd value, i.e. the least contaminated, is a lava flow from Animala (99MA34). 
PETROGENESIS
The petrographic, mineralogical and geochemical characteristics of the mafic lavas and sills from the Cuddapah Basin have highlighted the involvement of complex magma chamber processes in their petrogenesis. To understand the nature of the melt generation processes and the role of the convecting mantle, it is necessary to assess the role of lithospheric contamination.
Lithospheric contamination
We have used trace-element and isotopic ratios to assess the relative roles of melts derived from the lithospheric JOURNAL OF PETROLOGY VOLUME 44 NUMBER 12 DECEMBER 2003 mantle and/or continental crust. We have assumed that the compositions of the Proterozoic kimberlites and lamproites from in and around the Cuddapah Basin are representative of melts derived from metasomatized continental lithospheric mantle (e.g. McKenzie, 1989; Gibson et al., 1995) . These are characterized by extreme enrichments in LREE and HFSE [(La/Yb) n 50EEE125, La/Nb 0Á7EEE1Á5)] and relative depletions at Sr on normalized multi-element plots (Chalapathi Rao et al. (1998) ; Figs 8c and 9c) . The kimberlites and lamproites are characterized by different Sr and Nd isotopic ratios. Model age calculations, relative to depleted mantle, indicate that their parental melts contain contributions from lithospheric mantle that was metasomatized between 3000 and 1900 Ma (Chalapathi Rao et al., in preparation) . This suggests that readily fusible metasomatized lithospheric mantle may well have been present beneath the Cuddapah Basin at the time of genesis of the sills and lavas that are present in the Vempalle and Tadpatri Formations. Nevertheless, both the kimberlites and lamproites are characterized by low La/Nb ratios relative to the contaminated lavas and sills (Fig. 8c) . This suggests that the latter contain melt contributions from a different lithospheric source, perhaps from the local continental crust.
Basement granite samples in the vicinity of the Cuddapah Basin have been assumed to provide an estimate of the crustal end-member. The granites show an enrichment in LILE but are characterized by very pronounced negative Nb, Ta and Ti anomalies (Fig. 8c) . These samples have (La/Yb) n ratios (25EEE30) that are lower than the maficEEEpotassic samples but are significantly higher than those of the Cuddapah lavas and sills [(La/Yb) n 3EEE4]. The normalized Nb, Ta and, to a certain extent, Ti contents of the Cuddapah lavas and sills show variations similar to those of the granite samples in Fig. 8 . This observation indicates the possible role of crustal contamination. The lack of correlation between indices of fractionation (e.g. MgO) and Nd-isotopic ratios suggests that the assimilation was more complex than can be attributed to assimilation and/or fractionation in a single magma chamber. Figure 11a shows a plot of Sm/Yb vs La/Sm for the Cuddapah lavas and sills. The calculated isobaric accumulated fractional-melting curves for both garnet peridotite and spinel peridotite are also plotted together with representative analyses of normal midocean ridge basalt (N-MORB), ocean island basalt (OIB) and`local' continental crust. It is clear from Fig. 11a that the Cuddapah samples have similar Sm/ Yb ratios to N-MORB but they have higher La/Sm ratios. This figure is meant to highlight two major points: (1) the Cuddapah lavas and sills plot along the isobaric accumulated fractional-melting curve for spinel lherzolite, suggesting that they have been derived by mantle melting in the spinel stability field; (2) the Vempalle lavas and some of the non-cumulate Tadpatri sills form a pattern trending towards the . Measured isotopic ratios of Cuddapah lamproites are from Chalapathi Rao et al. (1998) . Concentrations of Rb, Sr, Nd and Sm, used to calculate initial isotopic ratios, are from Table 3 and Chalapathi Rao et al. (1998) . Sr and Nd isotope determinations were undertaken at McMaster University. Details of analytical techniques have been given by Gibson et al. (1999) . crustal end-member, suggesting involvement of crustal contamination in their genesis. It is important to notice from Fig. 11a that the majority of the cumulate sills show greater enrichment in their La/Sm ratio than the maximum possible enrichment predicted by the calculations. Caution must be taken in interpreting such observations, as elevated La/Sm ratios in these samples could well be caused by a combination of cumulate processes as well as crustal contamination. Other supporting pieces of evidence (e.g. petrographic data, other trace-element data) should be considered in assigning the dominant role to either of the processes. Another interesting feature is the restricted variation in the Sm/Yb ratio of the Cuddapah lavas and sills compared with the wide variation in their La/Sm ratios. If the magmas are mainly derived from the convecting mantle, and have not been significantly contaminated by lithospheric melts, they should exhibit a positive correlation between these two ratios as seen for the N-MORB data. However, a wide variation in La/Sm ratio with restricted Sm/Yb values seems to indicate contamination by the continental crust; contamination by small-fraction lithospheric mantle melts would shift these trace-element ratios towards high La/Sm and Sm/Yb values relative to the N-MORB data. Figure 11b shows a plot of Ce/Y vs La/Nb for the Cuddapah lavas and sills. The calculated isobaric accumulated fractional-melting curves for both garnet lherzolite and spinel lherzolite are also shown together with representative analyses of N-MORB, OIB and local' continental crust. The initial concentrations and partition coefficients for Nb and Y used in melting calculations are for bulk-silicate Earth (Kostopoulos & James, 1992) and are assumed to be similar to those of primitive mantle. Mixing curves have been constructed for trace-element ratios in variable proportions of crustal and primary mantle melts. It is assumed that melts derived from $20% partial melting of the spinel lherzolite may approximate the parental melts for the Cuddapah lavas and sills. It is apparent from Fig. 11b that the La/Nb and the Ce/Y ratios in the majority of the Cuddapah lavas and some of the sills may be modelled as a mixture of $10EEE15%`local' continental crust and primary mantle melts. In the case of some`minor' and many of the`cumulate' sills, however, a significantly larger proportion (20EEE35%) of crustal assimilation is predicted by this modelling. Nevertheless, it must be emphasized that the cumulate nature of these sills complicates such straightforward interpretations and thus caution should be taken in interpretation of data. In general, the maficEEEultramafic sills are more contaminated than the lavas, which is consistent with the derivation of the former from relatively high-temperature magmas. Although the elevated La/Nb ratios of the ultramafic sills (Fig. 11b ) may partly be due to their cumulate origin, some of thè minor' dolerite sill samples also show relatively high La/Nb ratios, and larger degrees of crustal contamination may not be completely ruled out.
Forward major-and trace-element modelling
The major-element, trace-element and REE data for samples from the maficEEEultramafic sill complex clearly indicate that their bulk-rock compositions are not representative of their parental melts. A large number ( $500) of olivine grains were analysed by electron microprobe. The maximum Fo content observed in each sample has been used to estimate the Mg number of the equilibrium melt (Fig. 12) , using a Fe--Mg ol--liq K d value of 0Á32, which is appropriate for 9Á0 kbar pressure (Ulmer, 1989) . In Fig. 12 , the bulk-rock compositions of the Tadpatri mafic---ultramafic sill complex plot between the equilibrium melt curve and the olivine composition of a given sample. Sample 98MA97 has undergone the least olivine accumulation ( $15%), and contains the most Mg-rich olivine (Fo 84Á7). The estimated MgO and FeO Ã contents of the parental liquid for this sample are $10Á0 and 10Á1 wt %, respectively.
We have used the approach of Langmuir et al. (1992) to investigate the effects of adiabatic decompression melting below the Cuddapah Basin during the Early Proterozoic. Nd and FeO Ã contents in the Cuddapah lavas and sills have been normalized to 10 wt % MgO (i.e. Nd 10 and Fe 10 ), by linear regression analysis to correct for low-pressure and/or sub-crustal crystallization. Parameterized K d values for Nd and Fe in the mantle mineral assemblages have been used to calculate the Nd and Fe contents in the melt at various pressures and degrees of partial melting. Because Nd is strongly partitioned in clinopyroxene, its concentration in the partial melt is predominantly controlled by the clinopyroxene in the parent peridotite. Fe is compatible in almost all of the mantle minerals, with the strongest affinity for olivine. Herzberg & Zhang (1996) determined K d Fe in olivine as a function of pressure, which is given by the following equation: Gibson et al. (2000) and McKenzie & O'Nions (1991) . Experimental data for the solidus temperature and pressure for fertile peridotite KLB-1 (Herzberg et al., 2000) were used to parameterize Nd and Fe partition coefficients in mantle mineral assemblages. Appropriate non-modal batch and accumulated fractional-melting equations were used to calculate the Nd and Fe content in the partial melts at various stages of adiabatic decompression melting. The modal contents of constituent minerals and their melting proportions are taken from Kostopoulos & James (1992) and are assumed to closely approximate to fertile peridotite KLB-1. The garnetEEEspinel transition zone is fixed over a pressure range of 25EEE30 kbar. In all of the calculations, it is assumed that 1Á2% melting occurs for every pressure drop of 1 kbar and 1% melt is retained in the source regions as a result of the surface tension of the liquid (Langmuir et al., 1992) .
Post magma genesis fractionation and accumulation corrected bulk-rock Nd and FeO Ã contents of the Cuddapah lavas and sills are plotted in Fig. 13 together with the results of quantitative modelling. The amount of accumulated fractional melting predicted is slightly larger than for the batch-melting model. As polybaric fractional melting is believed to closely approximate to adiabatic decompression melting of the mantle, this is considered to provide more accurate results for the generation of the Cuddapah lavas and sills. The estimated initial pressures of melting vary from $35 to 40 kbar whereas the top of the melting interval occurs between $27 and 30 kbar (Fig. 13) . The latter is assumed to represent the base of the mechanical boundary layer (MBL) beneath the Cuddapah Basin. The lavas and`major' sills appear to have been derived by $10EEE15% partial melting, whereas the`minor' sills were derived from slightly smaller degrees of partial melting ( $6EEE10%). Figure 14 is a pressure vs temperature graph (Herzberg et al., 2000) , which illustrates the path of primary peridotite (KLB-1) melts for the Cuddapah sills as a consequence of adiabatic Langmuir et al., 1992) . These are assumed to represent point and depth average compositions of melts in a`column' of mantle undergoing adiabatic decompression. Bulk-rock FeO Ã and Nd contents are normalized to 10 wt % MgO for samples with LOI 53 wt %.
Fig. 14. Results of forward major-and trace-element modelling compared with the results of experimental studies on fertile peridotite KLB-1 (Herzberg et al., 2000) . The liquid solid adiabat is calculated for an entropy of fusion of 250 J/kg (McKenzie & Bickle, 1988) . The lithospheric lid corresponds to the base of the sub-Cuddapah Basin mechanical boundary layer, which is estimated to have been at $80 km depth.
decompression melting. The estimated mantle potential temperature (T p ) is $1500 C. We acknowledge that there are certain limitations with using forward major-and trace-element modelling for the Cuddapah Basin magmas. The most important is the lack of experimental data on Nd and Fe partition coefficients for orthopyroxene, garnet and spinel at relatively moderate pressures (20EEE35 kbar). In addition, the assumption of the mantle source mineralogy may also have considerable effects on the results. In principle, the starting mantle source mineralogy and its melting proportions should be used for the same peridotite on which most of the experimental data are obtained. Unfortunately, at present not all of this information exists for a single peridotite sample. Assimilation of some crustal material may also affect Nd concentration in mafic samples and we have therefore obtained further petrogenetic information from independent modelling techniques. However, it can qualitatively be seen from Fig. 13 that accounting for crustal contamination will only displace the data towards lower Nd values, i.e. towards slightly higher degrees of partial melting, and thus will not significantly change our results.
REE inversion modelling of the Cuddapah magmas
REE inversion modelling was carried out using the program INVMEL (McKenzie & O'Nions, 1991) . This uses the REE concentrations of mafic igneous rocks to calculate the melt-fraction distribution in the mantle during adiabatic decompression melting. In the inversion modelling technique used here, it is assumed that melt extraction is by fractional melting and the observed compositional range is considerably smaller than that of individual primary melts. Some process, therefore, must mix melts from different depths and the average observed melt composition reflects the average compositions of the melts that are generated. Another significant assumption in the modelling is the majorelement composition of the source regions.
The results of the REE inversion modelling may be non-unique and it is important to obtain independent constraints for the variables that are required to be specified a priori. The most important ones are: (1) depth of the top of the melting column; (2) depth at which initial melting started; (3) mantle source composition; (4) depth of the spinelEEEgarnet transition zone. This transition is fixed between 90 and 100 km based on results of the experimental studies (Klemme & O'Neil, 2000) and the predicted thermal regime of the Earth during the Early Proterozoic (Richter, 1988) . The mantle source composition is also fixed for a mixture of primitive and depleted mantle corresponding to an e Nd value of 4EEE5 for Early Proterozoic mantle (O'Nions, 1992; McKenzie & O'Nions, 1998) .
A number of forward models were obtained by varying values for the top of the melting column and the initial depth of melting. After applying several combinations, those values were chosen that provided the best fit to the observed REE concentrations in samples and yielded a linear melt-fraction distribution curve. Subsequently, these values were used to invert the concentrations of the REE in the Cuddapah lavas and sills to obtain the distribution of the melt fraction through the melting interval, and were also used to predict a fit to the whole-rock trace-element (LILE and HFSE) and major-element data.
REE inversion modelling of the Vempalle Fm lavas
The results of REE inversion obtained for the Cuddapah lavas from Gattimanikonda are illustrated in Fig. 15a . The fractionation-corrected melt distribution curve roughly follows the mantle adiabat for a potential temperature of $1500
C and provides an estimate of the mantle potential temperature below the Cuddapah Basin during the melt generation event (Fig. 16) . The predicted melt-fraction distribution has been used to estimate the trace-and major-element concentrations in the samples.
Trace-element ratios indicate that the Cuddapah Basin lavas have assimilated continental crust; this may explain their elevated LREE and LILE abundances along with relative Nb and Ta depletions. A number of published chemical compositions of the Precambrian upper, middle and lower continental crust (Taylor & McLennan, 1981; Thompson et al., 1982; Weaver & Tarney, 1984; Rollinson, 1993) were used, along with the composition of a granite from inside the Cuddapah Basin (Table 3) , to model the degree of crustal contamination in the Cuddapah lavas and sills. The best fit was obtained by using the traceelement data of the`local' granite sample, which is assumed to approximate the upper continental crustal composition beneath the Cuddapah Basin. It is apparent from Fig. 15b that it is not possible to obtain a best fit for every trace element. Nevertheless, the elevated LREE, U, Th and Pb abundances, and to a certain extent the Nb and Ta depletions, can be modelled reasonably well using`local' crust as a possible contaminant. The most noticeable discrepancy is the misfit for the Sr and LILE data (e.g. Ba). As mentioned earlier, because the majority of the Cuddapah samples have undergone hydrothermal alteration, it is difficult to interpret the variation in LILE. Such processes may affect concentrations of Sr, but it may also be possible that the fusible crust immediately below the Cuddapah Basin is slightly different in its Nb, Ta and Sr concentrations from the granite sample that we have used in the modelling.
We have also considered another scenario in which the parental melts to the Cuddapah lavas were contaminated by lithospheric mantle melts. We have used a`local' kimberlite sample as our enriched lithospheric mantle end-member. Results of REE inversion for this scenario are shown in Fig. 15c and d . It can clearly be seen that although the enrichment of parental melts by 1% lithospheric melts produces a good fit between the observed and predicted REE data, it fails to produce a good fit to the observed trace-element data. This confirms our previous findings that the parental melts to Cuddapah mafic igneous rocks were variably contaminated by continental crust, and have little or no contribution from enriched lithospheric mantle.
REE inversion of the Vempalle Fm lavas from Vempalle, Pulivendla and Animala yields similar results to that of lavas from Gattimanikonda. In general, there is an excellent fit between the observed and predicted REE, trace-and major-element abundances in these lavas. However, the lavas from Animala seem to have assimilated slightly larger degrees of crustal material (15%) than the Gattimanikonda lavas (10%). Nevertheless, in both cases the total amount of melt generated is similar ( $15%) and the meltfraction distribution curve follows the mantle adiabat for a potential temperature of $1500 C. In contrast, although REE inversion of the Vempalle Fm lavas from Bethamcherla produces an excellent fit between the predicted and the observed REE abundances, the misfit between the predicted and observed traceelement abundances is rather large. In addition, the melt-fraction distribution curve indicates that Bethamcherla lavas were generated by small degrees of partial melting (56%). The pronounced misfits between observed and calculated Pb, Sr, Na and Ca abundances are consistent with the petrographic evidence; this clearly shows the dominance of sodic feldspar over more calcic feldspar in these samples. Furthermore, these lavas are relatively enriched in incompatible trace elements and REE, and show the least Nb and Ta depletions relative to other Vempalle Fm lavas. Although the REE abundances in the Bethamcherla lavas can be inverted to obtain the melt-fraction distributions, it is important to note that the large misfits between observed and predicted values for many trace-and major-element concentrations probably suggest that they may have a different petrogenetic history from other Vempalle Fm lavas.
REE inversion modelling of the Tadpatri sills
Most samples of the Tadpatri sills exhibit evidence of olivine accumulation and are not suitable for REE inversion. Nevertheless,`minor' basaltic sill samples, collected from the close vicinity of the`differentiated' sill complex, near Banganpalle, may be representative of liquid compositions, and thus we have attempted to model the REE abundances in these. A reasonable fit was obtained for the observed and predicted REE concentrations with 10%`local' crustal contamination (Fig. 15e) . However, there are pronounced misfits in the case of P and Ti, and Sr concentrations (Fig. 15f ) . The P and Ti anomalies may suggest an association of these sills with the cumulate sill complex; both of these elements are abundant in the late-stage granophyres. The melt-fraction distribution predicted for the`minor' basaltic sills is very similar to that of the lavas (Fig. 16) .
The REE concentrations of the`minor' dolerite sill samples were also inverted (Fig. 15g) . Unlike thè minor' basaltic sills, there is a good fit between the observed and predicted P and Ti concentrations. Other trace elements also show a good fit, except Sr and Nb (Fig. 15h) . There is an important point to notice about the`minor' doleritic sills. They seem to have been derived by smaller degrees of partial melting (10%), with the top of the melt column at a slightly shallower depth (60 km) than the lavas and`minor' basaltic sill samples (Fig. 16 ). This observation is consistent with the results of the forward major-and traceelement modelling discussed above.
Discussion of melting models
The results of the REE inversion modelling of the Cuddapah lavas and sills are consistent with the results of the forward major-and trace-element modelling. The melt distribution curves, obtained from the inversion modelling, for the majority of the lava and sill samples, suggest that they have been generated by moderate degrees of partial melting (10EEE15%) of anhydrous peridotite at a mantle potential temperature of $1500 C. The estimated initial depth at which mantle melting started varies from 120 to 110 km and the predicted top of the melting column ranges between 60 and 70 km, with most of the melting taking place in the spinel stability field.
REE inversion modelling produces a good fit to the observed REE and trace-element abundances in these samples when variable amounts of`local' continental crustal contamination (10EEE15%) are included. In all cases Sr, and in some cases Nb, is systematically depleted in the Cuddapah samples and this possibly indicates the limitation of the REE inversion technique in successfully modelling all of the trace-element concentrations in mafic igneous rocks.
The REE inversion modelling also provides an estimate of the thickness of basaltic melt generated during adiabatic decompression melting and lithospheric extension. For the Cuddapah lavas and sills, the estimated total melt thickness is $4EEE5 km. McKenzie & Bickle (1988) calculated the total melt thickness generated by various amounts of lithospheric extension (b) for a given mantle potential temperature and initial MBL thickness. In the case of the Cuddapah lavas and sills, a b factor of 1Á6EEE1Á8 is estimated for a mantle potential temperature of 1500 C and an initial MBL thickness of $120 km. The estimate of the b factor from the REE inversion modelling is in overall agreement with the independent results obtained from subsidence modelling (Anand et al., 2000) . Figure 17 illustrates the postulated geothermal gradient beneath the Cuddapah Basin before and during the magmatic event. Both pre-and syn-magmatic lithospheric and crustal thicknesses are also shown. A maximum initial lithospheric thickness of 132 km at a T p of $1450 AE 50 C has been estimated from forward subsidence analyses (Anand et al., 2000) and the forward major-and trace-element modelling. This lithospheric thickness corresponds to an initial MBL thickness of $120 km. A minimum thickness of $70 km for the top of the melting column (i.e. the base of the MBL after stretching) has been estimated from the REE inversion modelling. This covers the maximum range of the melting interval predicted by both forward and inverse geochemical modelling.
Comparison with other Proterozoic mafic magmas
The number of worldwide Proterozoic mafic igneous provinces is small and detailed petrological studies have been undertaken in only a few cases. These include the $2 Ga maficEEEultramafic lava and Konchozero sill complex of the Onega plateau, Baltic shield (Puchtel et al., 1998 (Puchtel et al., , 1999 and the $1Á6 Ga mafic volcanic province of the Azul region of the Rio de La Plata craton, centralEEEeastern Argentina (Iacumin et al., 2001) . We have inverted the REE abundances of samples from these igneous provinces, as well as samples from Deccan continental flood basalt (CFB), to obtain the melt-fraction distribution curves (Fig. 18) . Detailed assessment of lithospheric contamination is not possible for either of these because of the limited published dataset for rocks that may represent crustal and lithospheric end-members. In addition, the depth of the top of the melting column (i.e. the post-magmatic lithospheric thickness), in each case, was chosen such that it provides the best fit to the REE data. Nevertheless, in both cases, the predicted melt-fraction distribution curve follows a mantle adiabat of $1500 C, comparable with that of Cuddapah lavas (Fig. 18 ) and also the Deccan CFB.
Detailed geochemical studies of many other Proterozoic igneous provincesÐsuch as the $1Á1 Ga Keweenawan mid-continent rift system of North America (Hutchinson et al., 1990) , the 1Á26 Ga Mackenzie dykes of NW Canada (LeCheminant & Heaman, 1989 ) and the 2Á39 Ga Scourie dyke swarm of NW Scotland (Weaver & Tarney, 1981) Ðhold much potential for establishing a comparative tectonomagmatic evolutionary history of these regions and in turn gaining some insight into the Proterozoic evolutionary history of the Earth.
Based on the parameterization of heat flux of the convecting mantle with respect to the average temperature of the convecting layer and its material properties, Richter (1988) proposed a secular cooling curve for the adiabatic temperature of the Earth's interior. This cooling curve predicts that the adiabatic temperature of the Earth at the time when the initiation of the Cuddapah Basin took place (2Á0 Ga), is $1500 C, i.e. 200 C higher than at the present day (Fig. 19) . The high mantle potential temperatures predicted for the Archaean are consistent with mantle and crust Sm/Nd ratios, which indicate that the Archaean was a period of very rapid recycling of continental material compared with the Proterozoic and younger times. This may be explained by the considerable change in the thermal regime of the Earth at the ArchaeanEEEProterozoic boundary, which was related to the secular cooling of the Earth and greater preservation of the continental crust. Arndt (1999) has argued that many of the Archaean and Early Proterozoic greenstone belts contain volcanic rocks that erupted subaqueously but interacted with continental crust on their way to the surface. To explain the situation requires that sea levels were high during periods of flood volcanism, perhaps because the ocean basins were partially filled by extensive, active and high-standing ridges or by oceanic plateaux. This is consistent with the secular cooling model of the Earth, which requires expulsion of greater amounts of heat from the mantle during Precambrian times, causing vigorous mantle convection resulting in more active mid-ocean ridges and thicker oceanic crust.
SUMMARY
An attempt has been made to understand the source characteristics and the mantle melting processes that gave rise to the Early Proterozoic (1Á9 Ga) lavas and sills of the Cuddapah Basin, southern India. Variations in major-, trace-and rare earth element concentrations of the maficEEEultramafic sills from the Tadpatri Formation highlight the role of crystal fractionation and accumulation in their evolution. Their parental melt compositions appear to have been modified by crystal fractionation in a magma chamber near the base of the crust. In contrast, the Vempalle Fm lavas appear to have been derived from melts that have undergone crystal fractionation at intermediate crustal depths. The maximum Fo content ( $85%) of olivines from the Tadpatri sill samples has been used to calculate the Mg number and MgO contents (10 wt %) of their parental melt. This MgO value has subsequently been used to normalize major-element concentrations, by linear regression analysis, to remove the effects of lowpressure fractionation and accumulation.
Trace-element and isotopic ratios have been used to investigate the melt-source characteristics of the Cuddapah lavas and sills. These indicate variable contamination of their parental magma by continental crust. Mixing curves, calculated to model the extent of contamination in the Cuddapah Basin mafic magmas, indicate assimilation of $10EEE20% of continental crust during their formation. The sills show larger degrees of crustal contamination than the lavas.
Forward major-and trace-element modelling using Fe and Nd contents of the Cuddapah lavas and sills suggests that they were generated by moderate degrees of partial melting (10EEE15%) at a mantle potential temperature of $1500 C. The initial pressures at which the convecting mantle started melting varied from 35 to 40 kbar whereas the top of the melting column was at 27EEE30 kbar. These results are consistent with those Fig. 18 . Melt-fraction distribution curves obtained from inversion modelling of the REE abundances of Konchozero sill and Azul tholeiitic dykes. Representative melt-fraction distribution curves for the Cuddapah and Deccan lavas are also shown for comparison. Cuddapah data are from this work and Deccan data are from Gibson et al. (2000) . obtained by REE inversion, which successfully models the observed REE concentrations in the Cuddapah mafic igneous rocks by assimilating 10EEE15% of`local' continental crust. The REE inversion model also predicts a depth for the top of the melting column (70 km) that is similar to, but slightly shallower than that obtained by forward major-and trace-element modelling ( $80 km). This may be due to the omission of crustal contamination in the forward modelling technique. The melt-fraction distribution curves predicted by the REE inversion modelling follow a mantle adiabat of $1500 C, which is consistent with the forward major-and trace-element modelling and the secular cooling model of the Earth (Richter, 1988; Fig. 19) . A b factor of 1Á6EEE1Á8 is estimated from the thickness of basaltic melt (44 km) generated below the Cuddapah Basin at a mantle potential temperature of $1500
C. This result is in overall agreement with b factor estimates obtained by subsidence modelling (Anand et al., 2000) . The high mantle potential temperatures below the Cuddapah Basin at $2Á0 Ga, predicted by the geochemical modelling, are consistent with the secular cooling model of the Earth (Turcotte, 1980; Richter, 1988) and do not require the presence of a mantle plume below the southeastern Dharwar Craton at $2Á0 Ga. Lithospheric extension and intra-cratonic basin formation appears to be the result of passive rather than active rifting processes. Fig. 19 . The predicted secular cooling curves of the average upper-mantle adiabatic temperature (potential temperature, T p ) that can account for the present rate of heat loss from the Earth (Richter, 1988) . At 2Á0 Ga, the upper-mantle potential temperature was around $1500 C as shown by dotted lines. The two thermal histories differ only in their assumed initial temperature at 4Á5 Ga. The mantle plume curve is from Herzberg (1995) .
